The abundance of fluorine is determined from the (2-0) R9 2.3358 µm feature of the molecule HF for several dozen normal G and K stars in the Galactic thin disk from spectra obtained with the Phoenix IR spectrometer on the 2.1-m telescope at Kitt Peak. The abundances are analyzed in the context of Galactic chemical evolution to explore the contributions of supernovae and asymptotic giant branch (AGB) stars to the abundance of fluorine in the thin disk. The average abundance of fluorine in the thin disk is found to be [F/Fe] = +0.23 ± 0.03, and the [F/Fe] ratio is flat or declines slowly with metallicity in the range from -0.6 < [Fe/H] < +0.3, within the limits of our estimated uncertainty. The measured abundance of fluorine and lack of variation with metallicity in Galactic thin disk stars suggest neutrino spallation in Type II supernovae contributes significantly to the Galactic fluorine abundance, although contributions from AGB stars may also be important.
Introduction
The abundances of a variety of chemical elements contribute to our understanding of the chemical evolution of the Milky Way Galaxy, including Li and CNO (Spite et al., 2005) , the alpha-process elements and transition peak metals (Tinsley 1980) , and the n-capture species (Sneden et al. 2003) . The origin of the abundant, even-Z, light elements through Ca (and perhaps Ti) are reasonably well-understood through helium, carbon, neon, and oxygen burning, the silicon quasi-equilibrium process, and subsequent explosive nucleosynthesis in Type II supernovae (SNe II; Nomoto et al. 2013) . The origin of the less abundant, odd-Z elements Na through Cl, particularly fluorine, phosphorus, and chlorine, is less well understood, yet these elements provide an opportunity to constrain secondary nucleosynthesis processes operating on more abundant species in SNe II supernovae. The odd-Z element abundances can also be modified through proton-capture reactions in low-and intermediate-mass asympotic giant branch (AGB) stars (see, e.g. Cristallo et al. 2009; Ventura & D'Antona 2008) , as seen, for example, in the unusual chemical evolution processes operating in globular clusters (e.g. Ventura et al. 2001; Gratton et al. 2012 ).
Briefly, the light, odd-Z element fluorine can be produced in a variety of astrophysical environments; for a full discussion of sources of fluorine, see recent papers by Kobayashi et al. (2011) , Recio-Blanco et al. (2012) , and Jönsson et al. (2014a) . Potential sources in the Galaxy include SNe II, AGB stars, and possibly Wolf-Rayet stars (production of fluorine in Type Ia supernovae is thought to be small). Production in SNe II, however, is not sufficient to account for the abundance of fluorine in the Galaxy without the additional production due to the ν-process involving inelastic scattering of µ and τ neutrinos off 20 Ne (Woosley et al. 1990 , Woosley et al. 2002 , Kobayashi et al. 2011 ).
In AGB stars, fluorine is produced in core and shell helium-burning, but is destroyed by proton capture at the base of the convective envelope for stars with initial masses of 4-7 solar masses, and by alpha captures at temperatures above 2.5 x 10 8 K (see Lugaro et al. 2004 , and Gallino et al. 2010 . Thus, significant amounts of fluorine can be contributed only by AGB stars in the mass range 2-4 solar masses, so that fluorine from AGB stars should only be found in stars with metallicities greater than [Fe/H] = -1.5 (Kobayashi et al. 2011) . We note, however, that more masssive AGB stars (see e.g. García-Hernández et al. 2006 could overproduce fluorine to a smaller extent once hot bottom burning ceases (Karakas et al. 2010 , Lugaro et al. 2012 , D'Orazi et al. 2013 . The enrichment of fluorine is less in more massive AGB stars but they expel much more material to the interstellar medium than do lower mass AGB stars.
Fluorine abundances in AGB stars have been reported in numerous studies, beginning with Jorissen et al. (1992) , which has since been partly revised to lower values by Abia et al. K where fluorine is destroyed. Palacios et al. (2005) reexamined the production of fluorine by WR stars using newer yields and models including rotation, but noted that major uncertainties in yields remain. Jönsson et al. (2014a) suggested that contributions from WR stars may be required to account for trends in both [F/Fe] and [O/Fe] in Galactic bulge giants.
Observations of the Galactic abundance of fluorine require the determination of the fluorine abundance in less-evolved field stars not contaminated by AGB nucleosynthesis. Jorissen et al. (1992) included a handful of normal giants, and their sample was expanded by and by Recio-Blanco et al. (2012) . More recently, Jönsson et al. (2014b) published analyses of the fluorine abundance in six nearby, cool giants (plus the thick disk giant Arcturus). In this paper, we report the abundance of fluorine in several dozen field giants and dwarfs residing in the Galactic thin disk, in order to determine the Galactic abundance of fluorine as a function of metallicity and to constrain the nucleosynthetic sources of fluorine contributing to chemical enrichment in the Milky Way. In Section 2, we describe the selection of targets, observational material, and analysis, and compare our results to the literature. In Section 3, we discuss our results in the context of the Galactic thin disk and chemical evolution models, and finally, in Section 4, we summarize our conclusions.
Observations and Analysis

Target Selection
Two criteria were used to select stars to be included in this study. First, stars must have available atmospheric parameters, including temperature, surface gravity, and [Fe/H] from the literature, specifically from the Pastel Catalogue of Stellar Parameters (Soubiran et al. 2010) . Atmospheric parameters are needed because the limited spectral region available with our Phoenix observations is not sufficient to determine spectroscopic parameters independently. Second, stars must be probable members of the Galactic thin disk.
The probablility of stars to belong to the thin disk was estimated following the methodology of Johnson & Soderblom (1987) , as described by Ramírez et al. (2013) . For most stars, the U, V, and W space velocities were obtained from Casagrande et al. (2011) ; for stars not included in this catalog, we used available proper motion, parallax, and radial velocity data from SIMBAD to calculate the space motions, using the online tool provided by David Rogriguez 1 . From the U, V, and W space velocities, the probability of membership in the thin disk, thick disk, and halo populations can be calculated; stars with probabilities of belonging to the thin disk of greater than 50% were then included in our analysis. Most stars in our sample have probabilities greater than 90% of belonging to the thin disk population, although six stars have membership probabilities in the range 0.75<P<0.9 (HD 5268, HD 17660, HD 32147, HD 37984, HD 218031, and HD 222107) and two stars have less certain membership (HD 43039 at P=0.56 and HD 39715 at P=0.67).
Observations
Spectra of the 2.336 µm micron region containing a reasonably unblended feature of the molecule HF were obtained with the Phoenix spectrometer (Hinkle et al. 1998 ) on the 2.1-m telescope of the Kitt Peak National Observatory in 2012 November and December. This spectral region is dominated by strong lines of CO, with relatively few atomic lines. The spectrograph was configured with a 4-pixel (107 µm) slit corresponding to 0.7 arcsec on the sky. With the 4308 filter to isolate grating order 32, we obtained a spectral resolving power of 25,000 and spectral coverage from 2.3285-2.3390 µm. Observations were obtained in pairs at two slit positions to facilitate dark current and sky subtraction. Typically four observations were obtained for each star at two different slit positions to remove thermal emission from the sky. To minimize telluric absorption, stars were observed close to the meridian, with zenith distances typically less than 25 degrees (airmass < 1.1). Telluric lines were removed using the IRAF 2 task telluric, which shifts and scales the telluric line spectrum to minimize residual effects of telluric lines. Telluric line division was specifically optimized for the spectral region near the HF feature. Each star's radial velocity shifts its HF feature relative to the telluric spectrum, so that each star is affected differently.
Analysis
The abundance of fluorine was determined using both spectrum synthesis and equivalent width analysis of the 2.3358 µm feature. The equivalent width method provides a more robust upper limit in cases where the HF feature is not detected, or detection is questionable. The analysis utilized the LTE spectrum synthesis code Moog (Sneden 1973 (Sneden , 2010 and model atmospheres interpolated in the MARCS 3 grid (Gustafsson et al. 2008 ).
Following D' Orazi et al. (2013) , an excitation potential of χ=0.227 eV was adopted for the 2.3358 µm feature of HF from the HITRAN molecular line database (Rothman et al. 2013) . As discussed by Nault & Pilachowski (2013) , this value differs from the value of 0.49 eV previously used in the literature (including in the original solar abundance determination by Hall & Noyes 1969) , and results in a lower abundance of fluorine by typically 0.36 dex 4 . The oscillator strength log gf = -3.971 was adopted from Lucatello et al. (2011) ; this value is close to the value typically used in the literature (see, for example, Jorissen et al. 1992 and Recio-Blanco et al. 2012) . The dissociation energy used by Moog is 5.8698 eV. Jönsson et al. (2014a) carefully examined the calculation of the partition functions for HF, and Jönsson et al (2014b) concluded that the partition functions used with Moog are in agreement with their calculations.
For spectrum synthesis of the neighboring CO (2-0) and (3-1) vibration-rotation lines, we adopted wavelengths, excitation potentials, and gf-values from Goorvitch (1994) . A handful of atomic lines are present in the spectrum, and we adopted line parameters from 2 IRAF is distributed by the National Optical Astronomy Observatory, which are operated by the Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation. the Vienna Atomic Line Database (VALD) (Kupka et al 2000 , and references therein) for our spectrum synthesis.
Since our spectral region is limited, with few atomic lines, we were unable to derive reliable stellar model atmosphere parameters from our spectra. Instead, we adopted temperatures, surface gravities (log g), values of the microturbulence parameter (ξ), and metallicities from the literature, selecting sources whereever possible from large compendia. The adopted atmospheric parameters are included in Table 2 for all stars in our sample. The most frequently used sources for atmospheric parameters are the large samples studied by McWilliam (1990) and Prugniel et al. (2011) , although several additional sources were needed to identify parameters for all stars in our sample. All sources are listed in the references for Table 2. A synthetic spectrum of the HF region was computed for each star using the adopted model atmosphere parameters. Initial abundances for CNO were estimated based on the stellar metallicity and spectral type, and then adjusted to match the observed CO line strengths. Since the abundances of neither C nor O are available in the literature for most of our program stars, we are unable to determine abundances of these species from the CO lines alone. Once the CO spectrum was fit, the abundance of fluorine was adjusted to match the observed HF line profile. Sample observed and synthetic spectra are shown in Fig. 1 .
The nearby (2-0) R25 line of C 12 O 17 is present in some spectra, and was included in the synthesis calculation to account for possible blending with the HF feature. The O 16 /O 17 ratio varies from a few hundred in giant stars to a few thousand in dwarf stars (Clayton 2003) , and the presence of possible contamination from C 12 O 17 can be estimated from other stronger, unblended features in the observed spectral range.
Equivalent widths of the relatively isolated 2.3358 µm feature of HF were also measured from the observed spectra using the splot task in IRAF with a Gaussian fit to the line. If present, the C 12 O 17 feature was also fit with a Gaussian to eliminate its contribution to the HF equivalent width.
The abfind driver from Moog was used to obtain the abundances of fluorine from the measured equivalent widths using the same model atmosphere as for the syntheses. Values of the equivalent width of HF range from lower limits of <10 mÅ to 250 mÅ (log W/λ=-4.97). The measured equivalent widths or equivalent width upper limits are included in Table 2 .
The two methods of analysis provide similar results for fluorine, typically within 0.2 dex in log ǫ(F), with an average difference of 0.09 dex. Sources of uncertainty from the spectrum synthesis include both the continuum level and the smoothing factor to match the instrumental profile. Uncertainties in equivalent widths are dominated by the continuum height, as well as noise for cases with weak HF lines or lower S/N ratio. Both methods are affected similarly by uncertainties in the atmospheric parameters and atmospheric modeling. The two results were averaged in most cases. When the two results were discrepant, an overly optimistic fit of the synthetic spectrum to noise was generally the cause; in these cases, the equivalent width provides a more realistic upper limit.
The final adopted values of the abundance of fluorine are included in Table 2 , and are plotted versus effective temperature in Fig. 2 . The abundance of fluorine is flat across a range of stellar temperatures, except at the warm end above 4600 K, where the HF feature becomes too weak and most measurements are upper limits unless the fluorine abundance is high. The HF feature disappears in stars hotter than about 4700 K due to molecular dissociation, so our effective sample is limited to stars with temperature below this limit. Our sample may contain an imcompleteness bias for stars with 4500 K < T ef f < 4700, since detection of HF depends on both the S/N ratio of the spectrum and the metallicity of the star. The upper limit for HD 220009 at T ef f = 4314K results from the low metallicity of the star at [Fe/H] = -0.7. The apparent rise in log ǫ(F) with temperature is likely due to observational limitations rather than a systematic temperature error.
The M0Iab supergiant HD 216946 (HR 8726) is labelled in Fig. 2 . The star exhibits an anomalously high fluorine abundance, and may be affected by in situ proton capture nucleosynthesis. The star will not be considered further here. Li et al. (2013) have considered deviations from radiative equilibrium in the formation of the HF R9 line, specifically due to 3D effects in the stellar atmospheres. The investigations of Li et al. apply in the low metallicity regime near [M/H] = -2.0. They found that 3D abundance corrections for HF are small (< 0.03 dex) at low gravity and temperature but increase with gravity and temperature to values near 0.42 dex at 5024 K and log g = 2.5. Asplund (2005) notes that the corrections to apply to 1D models are more significant at lower metallicity, although such effects are generally more significant for molecular features than for atomic features. The stars considered here are all near-Solar in abundance, so corrections should be less for these stars than for metallicities near [Fe/H] = -2, and the absence of a dependence of derived abundance on temperature in Figure 2 gives some confidence that 3D effects do not increase significantly with temperature for stars below 4500 K. Restricting our sample to stars with effective temperatures below 4500 K, we also note that the average fluorine abundance for thin disk giants is [F/Fe] = +0.23 ± 0.03 (standard error of the mean (SEM)), while the average abundance in the dwarfs is [F/Fe] = +0.19 ± 0.12 (SEM), likely the same within our estimated uncertainties.
Observational uncertainties in the fluorine abundance can be estimated from discernable differences in the synthetic spectrum fits (±0.05 dex). Additional uncertainties, both random and systematic, arise from the selection of atmospheric parameters. Among the various atmospheric parameters, the abundance of fluorine is most sensitive to errors in effective temperature due to the relatively low dissociation potential of HF. Since we relied on multiple sources for atmospheric paremeters, we have no guarantee of consistency of the temperature scale, particularly over the range of spectral type (G5 to M0) and luminosity class (V to Iab) represented in our sample. In principle, we might expect star-to-star errors in temperature of perhaps 30 K for stars from particular literature sources, and 100 K in the full sample. A temperature error of 100 K would lead to an error of ∼0.25 dex; errors introduced from uncertainties in surface gravity, microturbulence, and metallicity are all small, less than 0.1 dex, as shown in Table 3 . Combining errors in quadrature suggests an uncertainty of 0.26 dex. On the other hand, at a given metallicity, the dispersion in the measured fluorine abundances is ∼0.24 dex. The observed scatter in log ǫ(F) is consistent with a measurement uncertainty of 0.26 dex.
Comparison to Previous Work
Our fluorine abundances for thin disk stars are compared in Figure 3 Compared to other studies of the abundance of fluorine in thin disk stars in the solar neighborhood, our much larger sample covers a wider range of metallicity in the thin disk (−0.6 < [F e/H] < +0.3) and includes stars in the restricted temperature range 3800 < T ef f < 4500 K in which the HF feature is strong enough to be easily measured. Each of these studies has adopted different approaches for determining the model atmosphere parameters. Some rely on parameters determined from optical spectra (Recio-Blanco et al. 2012 and this paper), one relies on a temperature vs. spectral type relation (Jorissen et al. 1992 from Smith & Lambert 1990 ), one relies on broadband colors and one relies on optical angular diameter measurements (Jönsson et al. 2014b) . Given the sensitivity of the derived fluorine abundance to temperature (typically 0.25 dex per 100 K temperature change; see Table 3 Observations of light elements in globular cluster stars (Carretta et al. 2009 , Mészáros et al. 2015 have demonstrated a substantial spread in light element abundances attributed to proton-capture nucleosynthesis, most likely occuring in an earlier generation of metalpoor, intermediate-mass, hot-bottom-burning AGB stars (although fast-rotating massive stars may also play a role). Studies of fluorine in globular cluster giants (Cunha et al. 2003 , D'Orazi et al. 2013 , de Laverny & Recio-Blanco 2013 have shown both a correlation of fluorine and oxygen and an anti-correlation of fluorine and sodium, for clusters in the metallicity range -1.2 ≤ [Fe/H] ≤ -0.7. Observations of HF in cluster giants are, however, very difficult because of the low metallicity and relatively warm temperatures of even the coolest red giants. The HF feature is typically weak compared to residual features from telluric line correction (D'Orazi et al. 2013 ).
Fluorine production in AGB stars occurs primarily in 2-4 solar mass stars according to Nomoto et al. (2013) , although more massive AGB stars may also produce excess fluorine once hot bottom burning (which destroys fluorine) ceases (see Karakas 2010 , Lugaro et al. 2012 , and D'Orazi et al. 2013 for a more complete discussion). If present in normal stars in the Galactic thin disk, a fluorine-oxygen correlation and fluorine-sodium anti-correlation in thin disk stars might indicate some substantial contribution of AGB stars to the fluorine abundance in the thin disk. The question is complicated, however, by the possibility of metallicity dependent yields from the various potential sources of fluorine in the Milky Way.
The existence of a fluorine-oxygen correlation is examined explicitly for the thin disk in Fig We note first that, although the scatter in our measurements is large, the observed abundance of fluorine in the local thin disk matches well the predictions of Kobayashi et al. (2011) for models including neutrino spallation, and is well above the prediction for production dominated by AGB stars. The average abundance of fluorine at solar metallicity for our data is [F/Fe] = +0.2 ± 0.03 (SEM), while the models predict [F/Fe] = 0.18 for the case of a neutrino explosion energy of 3 x 10 53 erg, and higher for higher neutrino explosion energies.
The slope of the dependence of [F/Fe] on [Fe/H] is also consistent with the models including neutrino spallation within our estimated uncertainties. For our data in the range -0.6 < [Fe/H] < +0.3, we obtain a slope of -0.105 ± 0.14 per dex, compared to the model prediction of -0.18 per dex. In contrast, Kobayashi et al.'s (2011) Jönsson et al. (2014b) , conclude that only AGB production of fluorine is needed to account for the abundance of fluorine in their sample of six cool, thin disk giants. Their conclusion is based on the relatively low derived abundance of fluorine in five of their six thin-disk giants, comparing to model predications of both [F/Fe] and [F/O] . Given the temperature sensitivity of HF due to its low dissociation energy, combined with the extrapolation of interferometric diameters from optical wavelengths to determine temperatures in the infrared, systematic errors may affect their fluorine abundances at the level of 0.2 dex, which might alter their conclusions about its origin.
In the end, the source of fluorine in the Galactic thin disk remains relatively unconstrained by the observations, particularly given the diversity of potential sources of the element. Systematic errors among the temperature scales of the abundance determinations remain a significant source of uncertainty, as do the model predictions in light of the recent revision of the solar abundance of fluorine downward (Maiorca et al. 2014) . The lack of oxygen abundance measurements in the same stars also limits our ability to constrain fluorine production models. Production in AGB stars remains a strong contender because of the observation of enhancements in fluorine in some AGB stars, but those enhancements, while interesting, are not themselves compelling evidence for a dominant role for AGB stars in Galactic chemical evolution. The question is further clouded by the discovery of strong fluorine enhancements in some CEMP stars (Schuler et al. 2007 and Lucatello et al 2011) , and of strong fluorine enhancements in AGB stars in the metal-poor Large Magellanic Cloud (Abia et al. 2011) , forcing metallicity-dependent yields into the mix of production scenarios.
Summary
Fluorine abundances have been determined for several dozen dwarf and giant stars identified as belonging to the Galactic thin disk to characterize the abundance of fluorine and its possible nucleosynthesis sources. We enumerate our basic conclusions below.
• Studies of normal stars in the Milky Way thin disk provide an opportunity to constrain models of fluorine nucleosynthesis. We provide the largest sample of normal stars yet analyzed for fluorine abundances.
• In the metallicity range -0.6 ≤ [Fe/H] ≤ +0.3, we find an average [F/Fe] ratio of +0.22 ± 0.03 (SEM), although systematic errors in the temperature scale may con-tribute an uncertainty of 0.2 dex in comparing different studies.
• In the same metallicity range, the [F/Fe] ratio is constant or slowly declining with metallicity, within our estimated uncertainties.
• The abundance of fluorine compared to oxygen in the thin disk is slightly high, typically [F/O] = +0.10 ± 0.05.
• The observed [F/Fe] • The origin of fluorine in the Galactic disk remains relatively unconstrained by observations, both because of possible systematic errors in temperature scale and because of insufficient data for other light elements in the same stars.
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